Wet natural gas widely exists in the natural gas industry, and the selection of throttling devices plays an important role in wet natural gas transportation. In order to study the flow field characteristics of different throttling devices in wet natural gas pipelines, a set of Laval nozzles, orifice plates, and plate valves have been designed. The standard k-ε model was selected for numerical simulation. By changing inlet pressure, inlet temperature or volume fraction of water-liquid, the pressure field and temperature fields of different throttling devices were obtained, and the influence of the presence of a shockwave on the flow fields of the throttling devices was analyzed. Different throttling devices have significantly different operating characteristics. Therefore, appropriate throttling devices should be selected in different conditions in order to control the pressure of wet natural gas transportation and reduce gas hydrate formation. The present simulation results show that under identical conditions, the throat pressure and temperature of the Laval nozzle are the lowest, the throat pressure of the orifice plate is the highest, and the throat temperature of the plate valve is the highest.
INTRODUCTION
Rapid growth in natural gas demand has increased the exploitation of natural gas fields, and more and more natural gas pipelines have been built (Karimi et al. 2009 ). The throttling of wet gas exists widely in the industrial fields of power production, nuclear energy, and refrigeration (Yuan et al. 2016) . In the natural gas industry, due to the high wellhead pressure, throttling is usually adopted to reduce pressure to a safe range. Besides, in order to prevent corrosion and blockage in the pipeline caused by liquid precipitation during the transportation, dehydration and de-hydrocarbon treatments are required before natural gas enters the pipeline. The throttling separation method has characteristics of large operation flexibility, simple process flow and equipment, and convenient maintenance, which is a main technology in natural gas dehydration and dehydrogenation treatment methods. However, the throttling of wet natural gas needs further understanding in the field of oil and gas.
Significant research has focused on the throttling of wet natural gas using different throttling devices. Bian et al. (2018a) investigated study the condensation process of methane and carbon dioxide mixture gas in nozzle. Jassim et al. (2008a Jassim et al. ( , 2008b studied the flow characteristics of high-pressure gas by changing the shape of the nozzle. Liu et al. (2015 Liu et al. ( , 2017 studied the variations of pressure and temperature in a Laval nozzle in high-speed compressible flow. Xiao et al. (2017) pointed out that the temperature decreased when the wet natural gas flows through the Laval nozzle. Some researchers (Bian et al. 2018b; Cao et al. 2019a) proposed that under the same ratio of inlet pressure to outlet pressure, the temperature of the gas in a Laval nozzle drops significantly more than that of other throttling devices. Hou et al. (2018) showed that orifice thickness has little influence on the throttling effect and that the orifice diameter should be designed to be as small as possible. Liu et al. (2012) established a calculation method for the pressure drop caused by throttling during the killing well. Ding et al. (2012) analyzed the influence of the structural parameters of a venturi tube on the pressure drop using numerical simulation. Wang et al. (2018) studied the effects of the structural parameters of multistage recirculating nozzles on throttling characteristics.
Significant research has been done on shockwaves in throttling devices. Sławomir et al. (2014) proposed that the formation of shockwaves in the expanding section of the Laval nozzle is caused by excessive back pressure. Katanoda et al. (2007) proposed that the optical visualization by the schlieren method clarifies that when the throat upstream stagnation pressure divided by the back pressure is between 2 and 4, shock waves exist in the nozzle. Liu et al. (2016) proposed that when other parameters are consistent, the shockwave position moves towards the outlet of the Laval nozzle with the decrease of outlet pressure. Zhang et al. (2014) presented that the shockwave position can be controlled by adjusting the outlet pressure. Bian et al. (2016) proposed that the shockwave moves forward as the pressure ratio between the inlet and outlet of the Laval nozzle decreases. Setoguchi et al. (2010) determined that within a certain pressure ratio range, the location of shockwave in the nozzle has hysteresis behavior during the formation process. Zhang et al. (2019a Zhang et al. ( , 2019b investigated the shockwave phenomenon caused by the condensation of steam.
Although considerable research has been devoted to throttling devices, much less attention has been paid to flow characteristics of wet gas in different throttling devices. The aim of this research is to study the pressure and temperature fields of the wet gas under different operating conditions and in different throttling devices. The present
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DESIGN OF THE THROTTLING DEVICES
In the process of wet natural gas passing through a throttling device in a pipeline, a local shrinkage state is formed in the throttling device which increases the flow velocity of the fluid. At the same time, continuous fluid through the throttling devices will produce a sudden change in pressure, which will lead to changes in temperature. This phenomenon is known as the Joule-Thomson effect. In this paper, a Laval nozzle, orifice plate, and plate valve are selected for comparative analysis. The Laval nozzle consists of a stable section, a convergent section, a throat, and an expanding section. The convergent section is designed using the Witozinsky equation (Yang et al. 2014) , as shown in Eq. (1). (
(c) Fig. 1 The geometries of the three throttling devices. (a) Laval nozzle; (b) orifice plate; (c) plate valve.
The divergent section is designed as a taper to restore the diameter of circulation. The length of the stable section, the convergent section, and the divergent section are 30 mm, 30 mm and 138 mm, respectively. The radius of the stable section and the outlet radius of the Laval nozzle are 16 mm, and the radius of the throat is 4 mm. The inlet radius, the outlet radius, and the throat area of the orifice plate and Laval nozzle are equal. The thickness of the orifice plate is 6mm. Because the throat shape of the plate valve is not circular, the throat area of the designed plate valve is equal to that of the Laval nozzle and the orifice plate. The plate valve opening is 25%, and the plate is 4.5 mm away from the pipe wall. The convergent section and the divergent section are designed as cones. The geometries of three throttling devices are shown in Fig. 1. 
MATHEMATICAL MODEL
In the present study, the FLUENT software was selected for the numerical simulations. The density-based compressible flow formulation of the Euler equations have proven to be very successful for the analysis of high-speed flows (Campobasso et al. 2018; Cao et al. 2019b) . Because the medium in the throttling device is compressible high-speed fluid, the density-based solver in FLUENT was adopted in this paper. In the simulations presented here, the primary phase is natural gas, and the secondary phase is water-liquid. A second-order upwind scheme was used to increase the accuracy of calculation (Bian et al. 2018c (Bian et al. , 2019 . The absolute criteria of simulation residuals were set to be 10 -5 for all the dependent variables.
Governing Equations
The governing equations describing the flow in throttling devices involve the continuity, momentum, and energy equations. These equations are given in Eqs. (2)- (4):
Turbulence Model
In order to satisfy the required accuracy without large computational cost, the standard k-ε model is used to solve for turbulence in the calculation of the flow field (Han et al. 2019a (Han et al. , 2019b Wen et al. 2012) . This model has the advantages of wide application, good economy, and reasonable accuracy. The k and ε equations describing the dispersed turbulence mode are as follows:
Boundary Conditions
The turbulence intensity and hydraulic diameter are selected to specify the turbulence boundary conditions. The formula for turbulence intensity can be derived from empirical correlations and is as follows:
( )
The inlet and outlet boundary types are set as pressure-inlet and pressure-outlet, respectively. Besides, the operating pressure is set to be 0.1 MPa.
Pressure inlet: under three different parameter settings: the inlet pressure are set to be from 0.15 MPa to 0.35 MPa, the inlet temperature is set to be from 283 K to 303 K. The volume fraction of water-liquid is set to be from 0.01 to 0.09. The turbulence intensity and hydraulic diameter are 5% and 0.032 m, respectively. The outlet pressure is held constant at 0.10 MPa, and the temperature is set to be 293 K.
Grid Independence Verification
Unstructured meshes are used for the three throttling devices, and a local mesh refinement method is employed in the boundary layer regions, as shown in Fig. 2 . The grid independence is verified using the simulated pressure distributions. With the Laval nozzle as an example, the number of cells in each of the test grids was 149 787, 206 172, 275 805 and 373 830. The pressure distribution of the centerline is presented in Fig. 3 . There was little difference between the simulation results with 275 805 cells and with 373 830 cells. While the result accuracy is higher with higher grid resolution, the computational efficiency is lower. Therefore, the grid system with 275 805 is used for the numerical simulations. Likewise, the number of cells used for the orifice plate and the plate valve are 177 512 and 304 109, respectively. 
RESULTS AND DISCUSSION

Effects of Throttling Devices on the Throttling Characteristics
The temperature and pressure fields and shockwave position for each of the three throttling devices were analyzed for an inlet temperature of 293 K, a liquid volume fraction of 0.05, an inlet pressure of 0.25 MPa, and backpressure of 0.10 MPa. Fig. 4 (a) shows the distribution of axial static pressure in the three throttling devices.
(a) (b) Fig. 4 Flow characteristics of wet natural gas in three throttling devices.
(a) pressure distributions; (b) temperature distributions.
Because the flow area remains unchanged in the inlet section, the pressure drop is not significant. The pressure decreases when wet natural gas enters the convergent section of the Laval nozzle and plate valve and recovers gradually after entering the expanding section.
Because the orifice geometry has no convergent section, the curve slope of pressure drop is the largest. The Witozinsky curve of the Laval nozzle is smooth, so the pressure drop is relatively gentle. As can be seen from Fig. 4 (a) , the minimum pressures of Laval nozzle, orifice plate, and plate valve are 0.064 MPa, 0.094 MP, and 0.095 MPa, respectively. Compared with the orifice plate and plate valve, the minimum pressure of the Laval nozzle is the lowest. It can be seen that the convergent section of different throttling devices has an obvious influence on the pressure distribution. Fig. 4 (b) shows the distribution of axial temperature in the three throttling devices. There is no obvious temperature change in the inlet section of the devices. The temperature then decreases or increases with the change of flow area. The temperature increases briefly due to the impact of the shockwave. As can be seen from Fig. 4 (b) , the minimum temperatures of the Laval nozzle, orifice plate, and plate valve are 289 K, 291 K, and 290 K, respectively. Compared with the Laval nozzle and plate valve, although the temperature of the orifice plate decreases fastest in the throat, the overall temperature drop of the orifice plate is the lowest. Furthermore, the orifice plate has the highest minimum temperature at the shockwave position, and the temperature rises slowly after the shockwave. The temperature drop of the Laval nozzle is larger and smoother than the plate valve in the convergent section. As well, the temperature of the Laval nozzle at the shockwave position is lower than the plate valve. Although the temperatures of the Laval nozzle and plate valve rise, the plate valve rises faster.
Effects of Inlet Pressure on the Throttling Characteristics
In order to examine the effect of inlet pressure, the inlet pressures were set to 0. 6 shows the distribution of axial temperature in each of the three throttling devices when the inlet pressure is varied. Because of the Joule-Thomson effect, throttling not only results in a decrease in pressure but also leads to a decrease in temperature. When other conditions are held constant, as the inlet pressure increases, the temperature of the three throttling devices decreases except for the inlet section, and the temperature drop was most pronounced at the throat. As well, the shockwave has a greater influence on the temperature field of the three throttling devices. Compared to the orifice plate and plate valve, the shockwave of the Laval nozzle has the most obvious effect on the temperature field. When the inlet pressure is increased from 0.15 MPa to 0.35 MPa, the temperature of the wet natural gas in the Laval nozzle rises higher due to the shockwave. Additionally, the position of the temperature minimum moves forward from x = 28 mm to x = 34 mm. At the same time, the larger the inlet pressure, the more obvious influence it has on the temperature field. The temperature decreases slowly after the shock position and then rises again due to the heat transfer with the wall. When the inlet pressure is increased from 0.15 MPa to 0.35 MPa, the position of the temperature minima in the orifice plate and plate valve both move forward from x = 30 mm to x = 34 mm. Although the orifice plate and the Laval nozzle have similar temperature fields, the shockwave has little effect on the temperature field in the orifice plate. As can be seen from Fig. 6 (c) , because of the design of the plate valve, the temperature fluctuation is large. With the increase of the inlet pressure, the temperature fluctuation at the shockwave position increases. 
Effects of inlet temperature on the throttling characteristics
In order to study the effect of inlet temperature on the throttling characteristics, the simulations were performed for inlet temperatures of 283 K, 288 K, 293 K, 298 K, and 303 K. The other properties were held constant. The inlet pressure was set to 0.25 MPa; the backpressure was set to 0.10 MPa, and the liquid volume fraction was set to 0.05. The pressure field, temperature field and shockwave position in the three throttling devices were analyzed. Fig. 7 shows the distribution of axial static pressure in three throttling devices when the inlet temperatures are set to 283 K, 288 K, 293 K, 298 K, and 303 K, respectively. As can be seen from Fig. 7 , the pressure of the inlet section in the Laval nozzle is unchanged at 0.25 MPa. As the inlet temperature is decreased from 303 K to 283 K, the shockwave pressure decreases from 0.065 MPa to 0.063 MPa, respectively. The inlet temperature is positive correlated with the pressure at the throat position in the Laval nozzle. However, the overall pressure variation with the change of the inlet temperature is small. In the divergent section, the pressure gradually rises to 0.1 MPa. Compared to the Laval nozzle, the pressure drops of the orifice plate and plate valve are basically unchanged with the change of the inlet temperature. This observation indicates that the change of inlet temperature has little effect on the pressure drop of the orifice plate and plate valve.
(a)
(c) Fig. 7 Pressure distributions of wet natural gas under different inlet temperatures in three throttling devices. (a) Laval nozzle; (b) orifice plate; (c) plate valve. Fig. 8 shows the axial temperature distribution for the three throttling devices when the inlet temperature is set to 283 K, 288 K, 293 K, 298 K, and 303 K. When the inlet temperature is decreased from 303 K to 283 K, the throat temperature of the nozzle, orifice plate, and plate valve decreased from 299 K, 301 K, and 300 K to 279 K, 281 K, and 280 K, respectively. The inlet temperature is a positive correlation between the temperature at the throat of the throttling devices. This temperature variation with the change of the inlet temperature is significant. In the divergent section of the throttling device, the temperature gradually moves towards the outlet temperature. Compared to the Laval nozzle, the temperatures at the outlet section of the orifice plate and plate valve are more affected by outlet temperature. Due to the design of the throttle devices, the temperature of the plate valve converges faster in the outlet section. 
Effects of volume fraction of water-liquid on the throttling characteristics
The liquid volume fraction was varied here to examine its effect on throttling characteristics. The volume fractions of water-liquid (defined as φ) are set to 0.01, 0.03, 0.05, 0.07 and 0.09. The other parameters were held constant. The inlet temperature was 293 K, the inlet pressure was 0.25 MPa, and the backpressure was 0.10 MPa. The pressure field, the temperature field, and the shockwave position in three throttling devices were analyzed. From Fig. 9 , the pressure of the inlet section in the three throttling devices is unchanged at 0.25 MPa. When the other conditions are held constant, the volume fraction of water-liquid is a positive correlation between the pressure at the throat position of the three throttling devices. In the divergent section, the pressure of three throttling devices gradually rises to 0.1 MPa. Compared with the orifice plate and plate valve, the pressure drop of the Laval nozzle is the most significant related to the decrease of the volume fractions of water-liquid. For the Laval nozzle, the smaller the volume fraction of water-liquid, the greater the pressure drop in the throat. When the liquid volume fraction is decreased from 0.09 to 0.01, the shockwave pressure decreases from 0.070 MPa to 0.025 MPa, and the shockwave position moves forward from x = 36 mm to x = 38 mm. This indicates that the smaller the liquid volume fraction is, the more significant the influence of liquid volume fraction on pressure drop is. As the volume fraction is decreased from 0.09 to 0.01, the minimum pressure for the orifice plate and plate valve decrease from 0.095 MPa to 0.093 MPa. Compared to the Laval nozzle, the orifice plate and the plate valve have no obvious shockwave. volume fraction decreases, the temperature throughout the three throttling devices decreases with the exception of the inlet section, and the shockwave has a greater influence on the temperature field. Compared to the orifice plate and plate valve, the shockwave of the Laval nozzle has the most significant effect on the temperature field. When the liquid volume fraction is decreased from 0.09 to 0.01, the temperature of wet natural gas in the Laval nozzle drops more due to shockwave and the position of minimum temperature moves forward from x = 30 mm to x = 33 mm. In addition, the lower the liquid volume fraction is, the more obvious influence of liquid volume fraction on the temperature field is. The temperature decreases slowly after the shock and subsequently rises again due to the heat transfer with the wall. Although the orifice plate and the Laval nozzle have similar temperature fields, the shockwave has little effect on the temperature field in the orifice plate. As can be seen from Fig. 10 (c) , because of the geometry of the plate valve, the temperature fluctuation in the plate valve is large. With a decrease in the liquid volume fraction, the temperature fluctuation at the shockwave position increases.
CONCLUSIONS
In the present study, the designs of three different throttling devices were carried out. The flow characteristics of wet natural gas in the throttling devices were obtained using numerical simulations. The influence of inlet flow parameters on the flow field were analyzed. Special attention was given to the shockwave position in the throttling devices. The main conclusions are summarized as follows.
For the case of an inlet temperature of 293 K, a liquid volume fraction of 0.05, an inlet pressure of 0.25 MPa, and a backpressure of 0.10 MPa, the throat pressure and temperature of the Laval nozzle were the lowest, the throat pressure of the orifice plate was the highest, and the throat temperature of plate valve is the highest.
For the present geometries, when other conditions are held constant, as the inlet pressure increases, the shockwave pressure and shockwave temperature decrease and the shockwave position moves towards the nozzle exit.
The pressure and temperature at the throat position are positive correlated with the inlet temperature. However, the change of inlet temperature has little effect on the throat pressure drop of the orifice plate and plate valve.
As the volume fraction of water-liquid decreases, the shockwave pressure and shockwave temperature decrease and the shockwave position moves downstream in throttling devices.
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